The industrial sector often employs piezoelectric materials as actuators for a variety of uses, some of which require a precise positioning while being limited by space and cost factors that impede the insertion of external position and force sensors. Piezoelectric actuators (PEAs) are characterized by strong nonlinearities (hysteresis and creep), badly damped oscillations, and sensitivity to the environment, especially temperature variation, which makes the measurement of the position mandatory to guarantee the required precision and repeatability of piezoelectric-based positioning systems operating at the microscale and nanoscale. Self-sensing actuation (SSA) techniques allow the implementation of precise positioning control of PEAs without the hindrance of external position sensors. This article reviews the different SSA techniques used for precise positioning control of PEAs. The principle of SSA is defined by the capability of deriving the physical state of a PEA (displacement, perceived force, and so on) without the use of external sensors to directly measure thereof, but rather by estimating it from the measurement of less intrusive and cheaper physical signals produced by the PEA itself (throughout current, voltage drop, and so on) . The applicability and constraints of each SSA approach are examined in order to help in the determination of the most adequate approach for precise control of PEAs positioning and handling force control.
I. INTRODUCTION
P IEZOELECTRIC-BASED nanopositioning systems generally refer to flexure-hinge-guided mechanisms driven by piezoelectric actuators (PEAs). PEAs are electrically controllable positioning element with high precision which have been widely applied in precision types of equipment, such as micromanipulators, atomic force microscopes, and ultraprecision machine tools. These kinds of actuators are designed Manuscript The authors are with the Department of Automatic Control and Micro-Mechatronic Systems, FEMTO-ST Institute, Univ. Bourgogne Franche-Comté, CNRS, F-25000 Besançon, France (e-mail: jbafumba@femto-st.fr; joel.agnus@femto-st.fr; philippe.lutz@femto-st.fr; mratoton@femto-st.fr).
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Digital Object Identifier 10.1109/TIM.2019.2950760 based on the piezoelectric reverse effect. The piezoelectric reverse effect, the key effect used to realize piezo actuator functions, consists in the deformation of a piezoelectric material due to the applied electric field. PEAs play a pivotal role for experimental investigation and manipulation of nanoscale biological, chemical, material, and physical processes. The high resolution, high bandwidth, small size, and high force density of piezoelectric materials make them a good contender as actuators when developing systems acting at the nanoscale. However, nonlinear effects, such as hysteresis and creep, affect the position accuracy of piezoelectric-based positioning systems if not compensated [1] . Often, feedback position sensors are mounted to the systems to eliminate the hysteresis and creep [2] - [5] . Nonetheless, the integration of sensors, to enable quality and robust servo control, poses specific problems for microrobots, and this is especially true when the number of degrees of freedom (DOFs) increases. There are sensors with very good resolutions, sometimes associated with a fairly large range. However, we can note that the best performances on this subject are at the expense of a higher price and a larger footprint (interferometry, encoders). In addition, these sensors mostly only perform measurements with a single DOF, which therefore implies the multiplicity of sensors as soon as a complex measurement is necessary [6] - [9] . Alternative solutions to the integration of external position sensors can be grouped into three categories as follows.
1) With feedforward voltage control schemes [10] , [11] whose performance depends on the accuracy of the PEA's model. Feedforward voltage control schemes do not account for model uncertainties and external disturbances. 2) With the use of charge amplifiers (charge control scheme), where the PEA is driven by a charge input instead of voltage input [12] , [13] . Their performance is related to the hardware complexity. As for feedforward voltage control schemes, charge amplifiers do not account for model uncertainties and external disturbances, 3) By simultaneously using the piezoelectric material as an actuator and its own sensor, also called self-sensing actuation (SSA) techniques [14] - [16] . For further performance improvement, combined control schemes, such as feedforward-feedback voltage control 0018-9456 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
scheme [17] and integrated voltage-charge control strategy [18] , were introduced to overcome the limitations imposed by the need to balance a high-bandwidth precision positioning with robust closed-loop stability in the presence of unmodeled dynamics, uncertainties, and disturbances. In the integrated voltage-charge control scheme, the charge-based technique handles the hysteresis nonlinearity, while the voltage feedforward accounts for the dynamics. In this architecture, the charge amplifier is used for a traditional charge-based control. This can successfully reduce the hysteresis nonlinearity. However, the charge control cannot guarantee the position accuracy in the presence of higher dynamics or external disturbances. The integrated voltage-charge control strategy allows a control of a linearized PEA but lacks robustness against external disturbances and is likely to induce a loss in accuracy during the positioning. Feedforward-feedback voltage control scheme, if properly designed, can be robust to both internal uncertainties in the modeling and external disturbances; however, the feedback branch requires sensors. As already mentioned, unfortunately, accurate sensors are bulky, making them difficult to use for downscaling manipulation systems. Soft sensors aid in solving the problem created by the unavailability of embeddable and precise sensors by providing a software backup for it. They are inferential estimators that established themselves as a valuable alternative to the traditional means for the acquisition of process observations when hardware sensors are unavailable or unsuitable. They are based on control theory and provide an estimate of the internal state of a given real system, from available measurements thereof. Software sensors use more suitable hardware sensors that do not directly measure the physical signal of interest; however, associated with an algorithm, they make it possible to reconstruct the signal of interest. SSA is the PEA's soft-sensor implementation. As for soft sensors, SSA methods do not intend to completely get rid of the hardware sensors but rather to use less bulky and inexpensive sensors associated with an observer/estimator to reconstruct the signal of interest with at least the same resolution as the substituted sensor. The surrogate sensor measures physical signals produced by the PEA itself (throughout current, voltage drop, and so on) and allows, thanks to the observer/estimator, to derive its displacement, its perceived strength, or even the temperature variation of its surroundings.
Piezoelectric SSA allows actuating a piezoelectric device while measuring its strain and/or the stress applied upon it by using itself as its proper sensor. In a piezoelectric SSA, the sensor and actuator are truly collocated. Thus, this intrinsic technique may be used in a closed loop and benefits from a number of advantages related to the closed-loop stability known to collocated control [19] , [20] . The piezoelectric SSA technique was first proposed in [21] for structures' vibration suppression. Sooner, several independent applications began to emerge from vibration suppression of beams [22] , [23] and scanning tubes [24] to control applications for precise positioning [25] , [26] . The main advantage of SSA is the reduction of space occupancy, allowing for better miniaturization of micromanipulation/microassembly cells. An additional Goldfarb and Celanovic [27] . This model comprises an electrical domain made of the piezoelectric capacitance C pea and the operator, which describes the hysteresis nonlinearity H(·). A mass (M) spring (k) damper (b) system shows the mechanical domain. The transduction factor is from the mechanical to the electrical domain α me and from the electrical to the mechanical domain α em .
advantage is that the dynamics of the PEA is not affected because no sensor is mechanically attached thereto.
SSA can be classified into two approaches as follows: 1) SSA based on the piezoelectric direct effect; 2) SSA based on the PEA's change of electrical properties. This article, which reviews the SSA techniques used for both precise positioning and handling force in piezoelectricbased nanopositioning systems, is organized as follows. We begin by reviewing the SSA based on the piezoelectric direct effect techniques, i.e., SSA techniques that employ the PEA's strain-induced charges as a means to estimate its generated displacement. The electrical circuits and constraints on the physical properties of the PEA to be considered for its implementation are presented in this section. This is followed by an overview of the SSA based on the PEA's change of electrical properties techniques in Section III. Methods used for the real-time evaluation of the PEA's impedance variation are outlined, accompanied by simplified block diagrams in order to highlight the differences, advantages, and disadvantages to be known before adopting one of these two SSA approaches. Then, a review of emerging solutions for the simultaneous displacement and force estimation from either charge or impedance measurement is provided in Section IV.
II. SSA BASED ON THE PIEZOELECTRIC DIRECT EFFECT
A key characteristic of piezoelectric materials is the use of the piezoelectric reverse effect to actuate structures in addition to the piezoelectric direct effect to sense structural deformations. An external force F ext applied to a piezoelectric material will provoke its deformation δ and the deformation will cause the apparition of electrical charges Q δ on the material's surface, which defines the piezoelectric direct effect. A voltage v c applied to the piezoelectric material will generate an electric field E responsible for the transduced force F t that will provoke the deformation δ of the material, which defines the piezoelectric reverse effect. The piezoelectric reverse and direct effects are not exclusive. The electrodes used to supply the PEAs can also be used to get the appearing charges Q δ that result from its deformation δ. Fig. 1 shows an early representation of the electromechanical behavior of piezoelectric transducers.
When examining PEA physical models [27] - [31] , it is noted that two forces can be the causes of the PEA's deformation. These forces are an external mechanical force F ext and a transduced force F t due to the application of v c . Therefore, whether it is F ext or v c , we observe a deformation δ of the PEA. According to the piezoelectric direct effect, the deformation of a piezoelectric material induces charges Q δ . Furthermore, for a range of frequency, PEAs are known to behave as capacitors, i.e., the application of an input voltage v c will generate charges Q d due to its dielectric characteristics.
The SSA based on the piezoelectric direct effect aims to separate the charges due to the PEA's deformation Q δ from those due to the dielectric effect Q d and reconstruct the PEA's displacement δ from Q δ without the need of an external position sensor. This is made possible due to a dual dielectric feedthrough cancellation that helps recover the signal arising from the PEA's deformation. The dual feedthrough cancellation offsets the PEA dielectric behavior 1 so that only the signal generated by the PEA's deformation can be measured. This operation is all the more important, given that Q d Q δ , i.e., the dielectric signal magnitude is several orders of magnitude higher than that generated by the deformation of the PEA.
For the remainder of this section, we will only focus on the electrical domain (see Fig. 2 ) for the review of the different dielectric feedthrough cancellation circuits used in the literature. The dielectric feedthrough cancellation circuit to be utilized depends on the adopted strain-electrical signal behavior of the PEA. Two equivalent electrical schematics are used to describe PEAs' behavior:
1) A capacitor C pea and a strain-dependent voltage source v δ in series with C pea [15] , [32] . For static and quasistatic applications, a leaking resistance R L parallel to C pea , commonly negligible but significant at lower frequency to account for current leak, is added to the schematic [33] [see Fig. 2 (b)]. 2) A strain-dependent charge source Q δ in parallel with the nominal piezoelectric capacitance C pea and a leaking resistance R L to account for the leaking current [see Fig. 2 (c)]. For both schematics, a hysteresis operator H(·) is used to characterize the hysteresis nonlinearity that typifies PEAs. Nevertheless, for SSA based on the piezoelectric direct effect, the deformation is said to be proportional to the electrical signal it generates. Therefore, although present, the hysteresis is neglected during the determination of the PEA's displacement estimate. One can either use the voltage-based SSA that employs the equivalent voltage source representation or the charge-based SSA that employs the equivalent charge source representation to estimate the strain or perceived force of the PEA.
A. Voltage-Based SSA
As shown in Fig. 2(b) , an additional voltage potential across the PEA v δ emerges from its deformation. The voltage v δ is 
All the strain bridge's components are chosen so that the bridge circuit is balanced, that is, C pea C 1 = C r C 2 (and R r = R L only for lower frequency nearby dc) so that v s = 0 ∀ v c . The induced voltage v δ generated due to strain in the PEA creates an imbalance in the bridge. The voltage difference between the two branches provides a sensing signal, v s = v 2 − v 1 , proportional to the strain-induced voltage v δ . The sensing voltage v s of the bridge circuit is only related to the voltage v δ , which is derived from the PEA's strain and is independent of the control voltage v c . For C pea C 1 = C r C 2 , (1) can be rewritten as follows:
(2) Fig. 3 . Self-sensing strain bridge for dielectric feedthrough cancellation in case of voltage-based SSA [33] . For this configuration, the hysteresis nonlinearity H(·) is neglected in the literature. The dashed (− − −) part is to be considered only for lower frequency nearby dc (R r = R L ).
Thence, the displacement of the PEA can be estimated through the relationship
where α v is denoted as the PEA voltage-displacement coefficient. Though simple to implement, this technique has several limitations in practice. The most relevant properties are given in the following.
1) The size of the reference capacitance C r has to be all the time equal to the PEA's capacitance C pea . However, C pea is greatly influenced by the ambient temperature, humidity, preload, and control input voltage, making the success of voltage-based SSA rely on a tedious continual tuning of the reference capacitance [22] , [34] .
Since it is difficult to maintain a dynamic balance of the voltage-based SSA, this results in a significant error in signal separation, which hampers the applicability of this technique and adversely affects the performance and stability of the closed-loop control system. He et al. [35] proposed an adaptative signal separation algorithm to estimate the gain between half-bridges to automatically adjust the bridge circuit balance to eliminate the part of v s that is related to v c . Although innovative, this method does not consider the impact of the control input voltage v c on C pea . 2) Due to the electromechanical coupling nature of piezoelectric materials, C pea is not only influenced by ambient temperature, humidity, and so on but even more by its mechanical deformation. Indeed, due to the piezoelectric converse effect, the application of an electric field creates a mechanical deformation in the PEA's crystals, and with this deformation, the PEA maintains its volume but does not keep the same geometry due to the Poisson effect. This geometry change alters the PEA's electrical properties. Therefore, an equivalent electrical model that does not account for the variations of C pea due to v c would not accurately depict the electrical characteristics of piezoelectric materials [36] . 3) The flow of free electric charges responsible for generating v δ continues until they neutralize the polarization effect. Thus, bridge circuits [21] , [32] , [37] are often used for strain rate sensing and are effective in suppressing the vibration modes but are not easy to balance for long-term measurements. 4) The PEA's strain is said to be linear to the produced charges Q δ . Voltage-based SSA exploits v δ rather than
According to (4) , the relationship between v δ and the PEA's strain depends on C pea behavior. Since C pea value varies according to several factors among which v c and F ext , a linear relationship between v δ and the PEA's generated displacement δ is not always guaranteed.
B. Charge-Based SSA
Charge-based SSA approach relies on the linear charge-deformation relationship of PEAs [38] , [39] . It is known that the application of v c on a PEA creates charges due to its dielectric characteristics Q d plus charges due to the PEA's strain Q δ [see Fig. 2(c) ]. For the linear relationship between the PEA's generated displacement δ and Q δ to be exploited, Q δ must be separated from Q d . To this end, Hagood and Anderson [40] introduced an antiparallel circuit for the offsetting of the dielectric feedthrough Q d to directly measure the strain-induced charges of the PEA through direct charge amplification (see Fig. 4 ). Once this separation is done, δ can be estimated through the relationship
where α Q is denoted as the PEA charge-displacement coefficient. The coefficients α Q and α v are identified empirically [35] , [39] . Like for the voltage-based SSA, only an exact match of the PEA's electrical characteristics in the antiparallel branch allows for perfect discrimination of Q δ from Q d . Therefore, all the abovementioned drawbacks of the voltage-based SSA are to be considered for the charge-based SSA, whereas for the self-sensing strain bridge, the three capacitors must be considered to balance the bridge; in the case of the antiparallel circuit, only the capacitor of the antiparallel branch is considered. This makes the creation of an antiparallel branch that accounts for all the PEA's defects (e.g., relaxation time, nonlinearities, and so on) feasible. In this case, a thorough analysis of the PEA's electrical characteristics and its dependences to mechanical and electrical excitations (frequency and amplitude) is required to guarantee the complete offset of Q d and retrievement of Q δ .
Numerous works have been carried out on the design of equivalent circuit models of piezoelectric materials. Park [41] found that the circuit model with a capacitor and internal resistor in series could represent the behavior of piezoelectric ceramics much better than the model with capacitor and resistor in parallel when considering the energy dissipation. Guan and Liao [42] combined the behavior of the parallel model at low frequency and that of the series model at high frequency and showed that this representation well fit with the experimental tests. Liseli et al. [36] captured the influence of the control voltage v c (amplitude and frequency) on PEAs with an impedance map (see Fig. 5 ). Mansour and Seethaler [43] highlighted the effect of an external force on the PEA's impedance. To summarize, to discriminate Q δ from Q d , one needs an electrical component in the antiparallel branch that accounts for humidity, ambient temperature, control voltage (amplitude and frequency), and external force applied upon the PEA. Unfortunately, no analog electrical component fits the piezoelectric material impedance dependences. Nevertheless, a numerical equivalent electronic circuit can be designed to integrate all these dependences for a thorough separation of Q δ from Q d . Considering that a digital impedance is designed for robust discrimination of Q δ from Q d , two problems still need to be addressed, which are given in the following. 1) A PEA or sensor is an electromechanically coupled system, that is, the design for actuation use should be done in consideration of the impact on the sensor aspect and vice versa. Accordingly, one requires a PEA design optimization for both actuation and observation for the applicability of either voltage-or charge-based SSA.
2) The transitional behavior of the PEA's strain-induced charges to allow for static or quasi-static PEA's displacement estimation. Indeed, after an instantaneous deformation of a PEA due to the application of an electric field, if the electric field is maintained, the PEA will keep deforming due to the creep effect. This deformation, even though small, will keep producing strain-induced charges Q δ , the difference between C pea and C r will keep increasing, and α Q may no longer apply to reconstruct the PEA's displacementδ from Q δ . Fig. 6 shows a simplified block diagram for a simultaneous control and displacement measurement of a PEA using either the voltage-or the charge-based SSA. Fig. 6 allows apprehending the similarities and subtleties in the implementation of these two SSA schemes based on the piezoelectric direct effect.
C. Optimal Design of Piezoelectric-Based Nanopositioning Systems for Charge-Based SSA
Even though charge-based SSA has demonstrated a great potential [36] , [38] , [44] , [45] , its effectiveness depends on the morphology of the PEA and the choice of the mechanical properties of its constituent materials. Therefore, the first step to take full advantage of the potential of charge-based SSA is the PEA's design.
1) PEA Design Optimization: The distribution of material inside the piezoelectric layers influences the actuators' performance, and hence, the number, shape, size, and placement of the actuators have to be optimized. Among the optimization methods for PEAs, there are some methods that are given in the following.
1) Parametric optimization in which parameters of the PEA are varied in order to determine the dimensions and material properties that guarantee improved performances in terms of output range [46] , [47] (δ pre /v c ) and in terms of bandwidth [48] . δ pre is the bending due to the piezoelectric reverse effect under the application of v c . 2) Topology optimization that is based on the piezoelectric material with penalization (PEMAP) model, where the design variable is the pseudo density ρ 1 , which describes the amount of piezoelectric material in each finite element in the piezoelectric layer(s). Topology optimization is employed to find an optimal distribution of piezoelectric material in a multilayer plate or shell structure to provide the maximum displacement δ pre or generated forces in a given direction at a given point of the domain [49] - [51] . 3) Simultaneous topology and polarization optimization that uses the piezoelectric material with penalization and polarization (PEMAP-P) and work to find the optimum actuator layout and polarization profile simultaneously [52] - [54] . For this method, in addition to the pseudo density ρ 1 , a new design variable ρ 2 is introduced for the polarization of the piezoelectric material.
The optimization problem consists in distributing the PEAs in such a way as to achieve a maximum output displacement δ pre in a given direction at a given point of the structure while simultaneously minimizing the structural compliance. All these methods aim to determine the geometric feature that will enhance the PEA's generated displacement due to an applied input voltage without regard to the sensor aspect of the piezoelectric material.
2) Piezoelectric Sensor Optimization: On the one hand, applying an input voltage will result in the piezoelectric material elongation/contraction, and on the other hand, a pressure applied onto a piezoelectric material will be converted into an electrical output (strain-induced charges). When a piezoelectric material is used to convert mechanical into electrical energy, it is called a piezoelectric sensor. Like for PEAs, works have been conducted for the optimization of piezoelectric sensors.
These searches can be grouped into two categories as follows.
1) Geometric optimization methods that aim for the optimization of geometric parameters, such as length, width, and thickness of the piezoelectric layer in order to maximize the output recuperated electrical charges at the electrodes Q δ . Pillai et al. [55] presented an analytical method to design an optimal unimorph beam that maximizes the strain-induced charges' sensitivity when acted upon by a uniform mechanical load p at a specified frequency ν s (Q δ / p(ν s )). Schlinquer et al. [56] suggested a unimorph and Chen and Bedekar [57] suggested a bimorph piezoelectric cantilever mechanical structure optimization for energy harvesting. The optimized design aimed to maximize the PEA's strain-induced charges due to external harmonic load (Q δ /F ext (ν)), where ν is the frequency of the harmonic load. 2) Localization optimization methods that aim to find the placement with the highest pressure point on a given structure and thus guarantee the highest possible output recuperated electrical charges at the electrodes [58] , [59] .
3) Simultaneous Piezoelectric's Actuation and Sensing Design Optimization: Some researchers have considered using both the direct and reverse effects of piezoelectric materials to ensure simultaneous good observability and controllability of a structure. Moheimani and Yong [60] proposed an electrode pattern on a piezoelectric tube actuator to simultaneous sensing and actuation. Moussa et al. [61] used a topological optimization method to design a compliant microactuator that optimally integrates actuating and sensing areas in a monolithic structure. Rougeot et al. [62] introduced a three-layered piezoelectric cantilever design for which the upper and lower layers were used for the PEA's actuation, while the middle layer served for the sensing of the PEA's displacement and perceived force. In [60] - [62] approaches, the actuation and sensing do not share the same electrodes. Therefore, the resulting structure cannot be considered to be an optimized PEA's design for charge-based SSA.
Masson et al. [63] presented an analytical approach for the design of piezoelectric cantilever actuators, which aims to improve the SSA performance for external loads estimation while minimizing the dielectric effect (C pea ·v c ). The optimized piezoelectric cantilever mechanical structure they proposed was supposed to achieve a tip displacement of at least δ min = 25 μm, a minimum blocking force of F min bl = 100 mN, and withstand a maximum electric field of E max 3 = 3 V/μm (depolarizing field). The optimization problem was formulated as follows: where C pea is the PEA's capacitance in the absence of mechanical deformation and null electric field. The approach suggested an optimization for the external load estimation (Q δ /F ext ≡ Q δ /δ mec ) and did not account for the piezoelectric actuation-induced charges (Q δ /δ pre ). A simplified schematic of the superposition of bending under external load and piezoelectric bending due to the reverse piezoelectric effect is shown in Fig. 7 to help perceive the difference between them. Furthermore, the objective function F(l, w, h) just constraints the minimum displacement and blocking force and does not aim to maximize the actuation (δ pre /v c ).
As highlighted in this section, earlier studies on the optimal design of piezoelectric structures aimed to optimize the sensor's sensitivity to mechanical loads and to increase the actuation. None intended to optimize both simultaneously in an SSA aspect, that is, using the same electrodes for both actuation and sensing.
More recently, Liseli et al. [64] proposed an analysis of the charge-based SSA's performance dependence on the choice of the geometry and the properties of the constituent materials in case of a piezoelectric cantilever. They presented an analytical model for this type of PEA and defined a multiobjective function for simultaneous piezoelectric's actuation and sensing design optimization where actuation and sensing share the same electrodes. Experiments were conducted to corroborate the analytical modeling and analysis. Their studies and experiments results indicated a tradeoff between the PEA's actuation and sensor sensitivity, resulting from the choice of the mechanical properties of its constituent materials. Increasing the PEA's sensor sensitivity will be at the cost of its actuation and vice versa. In this case, the objective function is said to be conflicting, and there exists a (possibly infinite) number of Pareto optimal solutions. Without a piece of additional subjective preference information on either the PEA's actuation or sensor sensitivity, all Pareto optimal solutions are considered equally good.
D. Quasi-Static SSA Based on the Piezoelectric Direct Effect
The charge-based SSA implementation relies on the linear charge-deformation relationship of PEAs, and it can be enhanced through the optimization of the PEA's geometry and constituent materials choice. However, when implementing the charge-based SSA, the charges are not directly measured but rather derived from current measurement (or voltage measurement for voltage-based SSA), that is, the rate of change of strain is measured rather than the strain itself. As a result, charge-and voltage-based SSAs have been essentially used for vibration control [37] , [40] , [65] . Ivan et al. [39] adopted the already existing antiparallel compensation scheme by Hagood and Anderson [40] and added an integrator amplifier to enable static and quasi-static SSA (see Fig. 8 ). In this approach, the antiparallel compensation allows the discrimination of the strain-induced currentQ δ fromQ d , the current due to the dielectric effect of the PEA. The integrator amplifier makes it possible to reconstruct Q δ fromQ δ . Moreover, a leakage resistor R L is included to account for the leakage current. The reconstructed strain-induced charges Q δ is then used for a static or quasi-static estimation of the PEA's deformation. This approach has been implemented and has demonstrated good potential for static and quasi-static charge-based SSA [16] , [38] , [61] .
As for previous cases of charge-based SSA, the main disadvantage of this approach is the difficulty in completely offsettingQ d . Indeed, even for this approach, the reference capacitor C r must match the PEA's capacitance C pea at all times for the charge-based SSA implementation to succeed. First, C r and C pea need to have the same relaxation time, that is, τ r = τ pea . Second, since C pea value changes as a function of the control voltage, external force, temperature, and so on, one cannot afford to use an offsetting capacitor C r with a constant value. The dynamic behavior of the PEA electric impedance implies that considering only a static equivalent model in an SSA circuit will unquestionably produce errors in the measurements of the charges generated by the piezoelement deformation and, consequently, errors in the estimation of the displacement (strain) and/or the applied force.
Unfortunately, no analog electrical component fits the piezoelectric dynamic impedance (see Fig. 5 ). Notwithstanding, a numerical equivalent electrical circuit can easily be shaped to tackle this issue. The advantage of numerical processing is that it allows the use of more complex electrical impedance models of PEAs. Liseli et al. [36] proposed a way to reduce errors in the estimation of the displacement at the tip of cantilever PEAs through their equivalent numerical impedance Fig. 8 .
Electrical circuit for quasi-static charge-based SSA [39] . The dashed (− − −) part is to be considered only for lower frequency nearby dc (R r = R L ). Fig. 9 . Simplified block diagram of the charge-based SSA considering the dynamic impedance of a PEA. G(s) is the equivalent mechanical system that reliably reproduces the mechanical behavior of the PEA when subjected to v c , and F t = f (v c , v out ) is the transduced force resulting from the application of v c . F t expresses the normal force responsible for the PEA expansion or contraction in the absence of any external mechanical stress. h(v c ) expresses the relationship between the input voltage v c and the impedance magnitude change |Z |. ADC stands for analog-to-digital converter.
(see Fig. 9 ). The suggested equivalent numerical impedance considers the impact of the mechanical deformation of the piezoelectric element on its electrical impedance. It permitted a more rigorous cancellation ofQ d and, consequently, a more accurate measurement ofQ δ , the current that reflects the PEA's deformation. Experiments are conducted to validate the proposed approach and demonstrate the efficiency thereof to estimate the displacement of the PEA for long-duration measurement of constant step signal.
III. SSA BASED ON THE PEA'S CHANGE OF ELECTRICAL PROPERTIES

A. Piezoelectric Effect-Dynamic Electrical Properties
SSA based on the piezoelectric direct effect demands a tedious continual tuning in order to discriminate the signal that is related to the PEA's strain from the dielectric signal, the noisy environmental conductive materials, or outer metal parts, such as electrical wires [22] , [36] . As already mentioned, SSA based on the piezoelectric direct effect cannot provide a good estimate of the PEA's displacement if its initial state is unknown. Whereas one already knows that applying an electric field and/or an external load induces a deformation in the PEA, recent works have shown that the PEA's impedance is also affected by electric field application [36] and external loads [43] . Therefore, instead of voltage-/charge-based SSA, many researchers suggested using the change of PEA's electrical properties as a means to estimate its deformation and perceived external force. Kawamata et al. [66] were the first to use the linear relationship between the permittivity change and the PEA's displacement for SSA. The permittivity feedback control based on this linear relationship has shown its effectiveness for high-precision positioning [67] , [68] . Since then, not only the changing relative permittivity [14] but also capacitance [69] , or capacitance and resistance at the same time [43] , have been used to estimate the PEA's displacement and/or perceived force.
For an online implementation of the SSA based on the PEA's change of electrical properties, that is, an online estimation of the PEA's generated displacement and the force applied thereto based on its impedance variation, one requires a real-time impedance variation measurement scheme.
B. Real-Time PEA's Electric Properties Measurement
SSA based on the PEA's change of electrical properties relates to piezoelectric devices used for simultaneous control and displacement sensing based on the impedance variation thereof. Since the impedance variation of the PEA is a consequence of its deformation, the SSA discussed here uses a real-time measurement of the PEA's impedance to reconstruct its deformation. This is made possible thanks to a lowamplitude/high-frequency excitation signal v d that is added to a control signal v c , which actuates the PEA (see Fig. 10 ). The excitation signal, also called detection signal, does not generate any deformation and only serves to evaluate the PEA's impedance variation. The control input signal v c is solely responsible for the PEA's deformation and is generated according to the desired trajectory.
To successfully estimate the displacement of the PEA from the measurement of the variation of its impedance, two elements are necessary: 1) a proper separation of the control and impedance detection signals enabling on to control the PEA and derive precise PEA's deformation information; 2) the design of the estimator that uses the detection signal to estimate the PEA's generated displacement. Huang et al. [70] patented a bridge circuit for both signals' separation (control and impedance detection signals) and the estimation of the PEA's generated displacement. The proposed bridge circuit is connected to a piezoelectric element and to a voltage-controlled element. The voltage-controlled element (capacitor and resistor in series) is supposed to mimic the electrical response parameters of the piezoelectric element and match at all times the current flowing out of the PEA Fig. 10 . Block diagram: simultaneous control and displacement measurement of a PEA using SSA based on the PEA's change of electrical properties. F ext is the applied external force, θ is the temperature variation, and g i (·)| i=1,2,3 represent the estimator used to reconstruct the PEA's displacementδ, perceived forceF ext , and surrounding temperature variation θ from the real-time calculation of its impedance magnitude change |Z | and the applied input voltage v c . Fig. 11 . Block diagram of the self-sensing bridge circuit for controlling and sensing the response of PEAs [70] . 50-driving input stage, 80-v c , 78-v d , 14-PEA, 70-reference arm of the bridge, 62-actuator arm of the bridge circuit, and 84-current flowing out of the PEA.
(identified as 84 in Fig. 11 ). The current flowing out of the PEA reflects the dynamic impedance thereof. The difference between the actuator arm and the reference arm is used to adjust the voltage-controlled element and to indicate the deformation of the PEA. In addition, the system has a compensating circuit connected to the bridge circuit and the driving stage for deriving a compensation signal. The compensation signal is added to v c and v d in order to provide a damping correction, a stiffening correction, and an inertial conditioning correction based on the signal received from the low-frequency difference amplifier.
Whereas SSA is supposed to allow a reduction in cost and space occupation, the proposed method by Huang et al. [70] is more likely to be bulkier than the position sensor it is supposed to replace due to the important number of elements used for its implementation. Furthermore, the control and detection voltage, v c and v d , respectively, to be applied to the system are chosen so that they do not cause saturation or nonlinear behavior of the PEA. This limits the control voltage to a few tens of volts and does not exploit the full range of the piezoelectric element actuation.
Instead of a single electrical circuit to obtain the impedance detection signal and estimate the PEA's generated displacement, Saigusa and Morita [14] opted for a two-stage approach. First, a differential current measurement associated with a lock-in amplifier captures the PEA's impedance variation of a bimorph actuator. Thence, the estimator, a thirdorder polynomial of the measured current amplitude, is used to estimate the PEA's generated displacement. Whereas this method is supposed not to be restricted as to the input voltage to be applied for actuation and detection, considering the relative permittivity of the PEA as the unique parameter to estimate the generated displacement thereof is only accurate for small deformation of the piezoelectric element and a limited range of the detection signal frequency. Indeed, the authors made two hypotheses for their approach to hold true: 1) the piezoelectric element is modeled as a capacitor and 2) the permittivity is proportional to the current amplitude because the dimensions of the PEA, such as the thickness and electrode size, can be considered to be constant. For the first hypothesis, the equivalent electric model of a piezoelectric element is frequency-dependent, ranging from a capacitor to an inductor. Therefore, modeling the PEA as a capacitor is only accurate for a fixed frequency range of the detection signal. For the second hypothesis, only small deformations of the PEA in the x-direction may have to neglect the deformation in the other directions. Nevertheless, a more valid approach would suggest linking the current amplitude to the capacitance variation of the piezoelectric element. Thence, the capacitance variation would be used to estimate the PEA's generated displacement [69] , [71] , [72] . Furthermore, a lock-in amplifier is an expensive and cumbersome instrument that hindrances the cost and space reduction that SSA is supposed to bring.
Seethaler [73] patented an apparatus and method for in situ impedance measurement of a PEA located in a fuel injector of a combustion chamber of an internal combustion. They suggested the use of a voltage sensor, a current sensor, and a computer for a real-time computation of the PEA's impedance variation. The proposed method uses a discrete Fourier transform (DFT) to extract the voltage and current coefficient from the discrete frequency domain and compute the PEA's impedance as a ratio of the voltage and current at the detection frequency f d , that is
where v d and I d represent the digitized detection voltage and current, respectively. Referring to (7) , the impedance Z modeling the PEA includes a resistor R in series with the PEA's capacitance C pea . The conducted experiment to derive this model indicated a phase shift of 60 • between v d and I d . Although other configurations can be used to produce the same phase shift, the authors opted for a resistor and capacitor in series. The proposed in situ impedance measurement was used by Mansour and Seethaler [43] in a third-order polynomial fit to estimate the PEA's generated displacement and the force applied thereto. To the best of our knowledge, the apparatus and method suggested in [73] constitute the most packageable implementation for SSA based on PEA's change of electrical properties.
SSA based on piezoelectric direct effect uses charge measurement to infer the PEA's generated displacement. This technique faces a challenge with charge drift due to offset currents. To eliminate the charge drift and allow static and quasi-static applications, Ivan et al. [39] presented a simplified current integrator circuit (modified charge amplifier). However, this requires additional circuitry. For SSA based on the PEA's change of electrical properties, such as the one introduced in [72] , the PEA's generated displacement is obtained from a real-time measurement of the effective capacitance of the PEA. However, this technique suffers from considerable noise and hence can only be used for slow operations. Islam and Seethaler [44] developed a hybrid position observer (HPO) that fused the capacitance-based SSA estimate with the charge-based SSA estimate into a single high-quality position estimate (see Fig. 12 ). The first position estimate uses the well-documented linear relationship between charge and position [1] , [39] , [74] , [75] , which provides a highly dynamic position signal that unfortunately suffers from drift due to the charge leakage. The second position estimate is obtained from the relationship between effective actuator capacitance and position [69] , [72] . Due to high-frequency noise, this second relationship can only provide low-frequency position estimates. However, since drift in the first estimate is a low-frequency phenomenon, it can be eliminated with the Fig. 12 . Flowchart of the hybrid SSA position observer [44] .C p is the PEA effective capacitance andx is the PEA's position estimate using the hybrid SSA observer. U ≡ v c and U r ≡ v d . second estimate using the HPO. Once a reliable position signal is achieved, it can be used in a traditional feedback controller replacing the dedicated position sensor.
IV. SIMULTANEOUS FORCE AND POSITION ESTIMATION THROUGH SSA
Nanopositioners could perform a variety of precision machining operations [76] , [77] , and they might be configured to assemble micrometer-sized parts [78] - [80] . However, it is worth noting that microscopic objects are generally fragile (objects of small dimensions that are often made of special materials) so that the forces exerted during their handling must be adapted and controlled. Whereas all the listed SSA techniques in the previous sections have often been used for constant force operating conditions, applications, such as microgrippers [81] , [82] , exhibit both varying displacement and force. Due to the additional constraint of the handling force of micro-objects, some researchers have focused on the development of SSA's techniques that allow the simultaneous estimation of displacement and force. These techniques exploit either the piezoelectric direct effect or the PEA's change of electrical properties.
Two measurements are required to simultaneously estimate displacement and force. The first attempts for simultaneous displacement and force estimation were the extensions of charge-based SSA techniques. Badel et al. [83] proposed a model that computes the generated force and the elongation of the PEA from the measurements of the produced electrical charges and input voltage applied to the PEA. This model included a dedicated hysteresis operator that allowed the hysteretic properties of the PEA to be considered. The detection model combined with a PID controller has been used successfully, and experiments conducted to show the feasibility of SSA for force control of a PEA. An identical approach was used by McPherson and Ueda [45] to estimate the force and displacement at the tip of a piezoelectric-based driven magnetic resonance imaging (MRI)-compatible tweezer and by Mansour and Seethaler [84] , [85] for simultaneous displacement and force estimation of piezoelectric stack actuators. Ivan et al. [86] , such as in [45] , [83] , and [84] , used the measured electrical charges, the input voltage, and an hysteresis operator and added an ARMAX model to account for the creep effect and provide a more reliable estimate of the steady-state PEA's generated displacement and force applied thereto.
Rakotondrabe et al. [16] extended the proposed scheme in [86] to include the SSA scheme for dynamic displacement estimation suggested in [87] and [88] and thus allow the estimation of the PEA's generated displacement in both steady state and dynamics, while the force estimation remained in the steady state. In the proposed approach, the estimated displacement was used as a feedback signal, whereas the estimated force was only being displayed. In order to estimate the PEA's generated displacement, the force applied thereto, and state, all in a full way (steady state and dynamics, i.e., low and high frequencies), Rakotondrabe [89] introduced an unknown input observer (UIO) in the SSA approach proposed in [87] . The main advantages of the latter over previous SSA approaches are: 1) the possibility of feedback control for the displacement and for the force and 2) the possibility to use modern control such as state-feedback.
The SSA technique introduced in [86] was destined for the simultaneous estimation of the PEA's generated displacement and force applied thereto for steady state. One drawback of this method is having relatively large transient errors, which makes it hard to be used in fast applications. Before its extension to a full (i.e., low and high frequencies) displacement, force, and state estimation [89] , Mansour and Seethaler [90] proposed an alternative approach for simultaneous estimation of the displacement and force for both the transient and steady state. Rather than using measurements of produced charges and the input voltage, this method utilizes the measurements of the produced charges and effective capacitance. This approach eliminates the need for a mathematically complex inverse hysteresis models and is supposed to be largely rate independent as well as robust against the creep.
More recently, Mansour and Seethaler [43] proposed a technique for real-time detection of the variation of the capacitance and resistance of the PEA at a resonance frequency and a third-order polynomial fit for the simultaneous estimation of the displacement and force. Conducted experiments with this technique have provided the estimates of the displacement and force equivalent or better than the previously reported displacement-force SSA techniques that use charge and voltage measurements. However, the performances for dynamic operations of the technique proposed in [43] yet need to be investigated.
V. CONCLUSION
Nanopositioning tasks, which are the basis of microassembly and micromanipulation applications, require very high precision while being limited by space and cost factors that hinder the insertion of external position and force sensors to enable quality and robust servo control. SSA techniques provide a valuable alternative to the traditional means for the acquisition of position and force observations where mounting a dedicated hardware sensor is not feasible or unsuitable. This article reviewed the two SSA techniques used for precise positioning control of PEAs, namely: 1) SSA based on the piezoelectric direct effect and 2) SSA based on the PEA's change of electrical properties. This article also presented the current and emerging SSA techniques that aim for a simultaneous displacement and force estimation to enable precision control with nanometer-scale positioning and the control of the handling force during micro-objects' manipulation.
